Interactions between CD40 expressed on macrophages and CD40 ligand expressed on T lymphocytes can be an important signal for optimal macrophage activation. Previous studies have demonstrated that the optimal response against certain intracellular pathogens (e.g., Crytosporidium and Leishmania spp.) by macrophages requires CD40-CD40 ligand interactions. However, this finding is not universal, since two recent reports utilizing CD40 knockout mice have shown no such contribution to the protective immune response against Mycobacterium tuberculosis or Histoplasma capsulatum. We demonstrate here that CD40-CD40 ligand interactions are significant events in the protective response against the intracellular pathogen Salmonella dublin in normal mice but not for animals genetically deficient in CD40 ligand expression. Treating BALB/c mice exogenously with a CD40 agonist (i.e., soluble trimeric CD40 ligand) increased resistance against a lethal, orally administered dose of S. dublin. Conversely, in vivo administration of a monoclonal antibody against CD40 ligand to block endogenous CD40-CD40 ligand interactions resulted in a decreased resistance to salmonellosis. In contrast, CD40 ligand knockout mice demonstrated no increased susceptibility to salmonellosis. In vitro treatment of Salmonella-infected macrophages from BALB/c mice with soluble trimeric CD40 ligand resulted in an elevated production of interleukin 12p70 by these cells, suggesting a mechanism whereby CD40-CD40 ligand interactions might enhance protective immune responses to this pathogen. Taken together, these studies strongly suggest that CD40-CD40 ligand interactions in normal mice play an important protective role in immune responses against the gram-negative, intracellular pathogen S. dublin.
Macrophages express CD40, and ligation of this cell surface molecule by interaction with T-lymphocyte-expressed CD40 ligand can augment macrophage responses. For example, CD40-CD40 ligand interactions augment cytokine expression (2, 21, 32) , most notably interleukin 12 (IL-12) secretion (3, 7, 10, (18) (19) (20) 29) . In addition, ligation of CD40 on macrophages has also been reported to modulate the production of reactive nitrogen intermediates (31) , augment expression of matrix metalloproteinases (24) , increase tumoricidal activity (1) , and upregulate expression of intercellular adhesion molecule 1, LFA-3, B7-2, and major histocompatibility complex molecules (21) .
Taken together, the ability of ligated CD40 to augment macrophage activity suggested that this molecule might be an important target for affecting macrophage-mediated responses in vivo. Such a suggestion received support from the finding that CD40-CD40 ligand interactions were necessary for optimal protective responses against the intracellular pathogens Leishmania spp. (7, 13, 15, 17, 30) and from the observation that patients who do not express functional CD40 ligand are susceptible to the intracellular pathogens Pneumocystis carinii (27) and Cryptosporidium parvum (14) .
However, the relative importance of CD40-CD40 ligand interactions in the protective responses against intracellular pathogens may not be universal. Two recent investigations have suggested that susceptibility to Mycobacterium tuberculosis (8) or Histoplasma capsulatum (33) infection was not significantly different between mice genetically deficient in CD40 ligand expression and normal, control mice.
Thus, it might be suggested that CD40-CD40 ligand interactions are preferentially important in certain intracellular microbial infections but not in others. No studies to date have been performed to address whether ligation of CD40 is an important event in the protective response against intracellular, gram-positive or -negative bacterial infections. Furthermore, it is not clear if CD40-CD40 ligand interactions will be an important mechanism for protection for pathogens which invade the gut mucosa following oral inoculation. In the present study, we have investigated the contribution of CD40-CD40 ligand interactions in mounting a protective cellular immune response against orally inoculated Salmonella dublin. In vivo treatment of normal BALB/c mice with the agonist trimeric CD40 ligand decreased susceptibility, while administration of an anti-CD40 ligand antibody antagonist increased susceptibility to S. dublin. Conversely, mice genetically deficient in the expression of CD40 ligand were as susceptible to salmonellosis as were matched wild-type control animals. As such, the present results suggest a significant role for CD40-CD40 ligand interactions in resistance to this intracellular pathogen in normal mice but not in CD40 ligand knockout mice.
MATERIALS AND METHODS
In vivo treatment of BALB/c mice. To demonstrate the effectiveness of exogenous ligation of CD40 for survival against a lethal oral dose of Salmonella, groups of BALB/c mice (Charles River Laboratories; 18 to 20 g) were injected intraperitoneally (i.p.) with soluble trimeric CD40 ligand (Immunex Corp., Seattle, Wash.) in 500 l of saline containing 0.3% bovine serum albumin (BSA). Each mouse received 25 g of soluble trimeric CD40 ligand per day on day Ϫ2, day Ϫ1, day 0, day ϩ1, day ϩ2, and day ϩ4. Groups of control mice received only 500 l of saline containing 0.3% BSA on the same days. Treatment with soluble trimeric CD40 ligand was selected since this ligand is an agonist and mimics the responses observed when macrophages interact with CD40 ligand present on activated T lymphocytes. The soluble trimeric CD40 ligand was prepared and purified as previously described (12) . On day 0, groups of mice were orally inoculated with 10 7 S. dublin (wild-type strain SL1363) bacteria, and survival was monitored.
To demonstrate the importance of endogenous ligation of CD40 for survival of a lethal, oral dose of Salmonella, groups of BALB/c mice were injected i.p. with a monoclonal rat anti-mouse CD40 ligand antibody (clone M158; Immunex) in 500 l of saline. Each mouse received 500 g of monoclonal anti-CD40 ligand antibody per day on day Ϫ1, day 0, day ϩ1, day ϩ2, day ϩ3, and day ϩ4. Groups of control mice received 500 g of normal rat immunoglobulin G (IgG) per day on the same days. The M158 monoclonal antibody was selected for use since it is an antagonist of CD40-CD40 ligand interactions, as has been previously documented (20) . On day 0, groups of mice were orally inoculated with 10 6 S. dublin (wild-type strain SL1363) bacteria.
In vivo treatment of CD40 ligand knockout mice. CD40 ligand knockout mice (strain C57BL/6J-Tnfsf5 tm1Imx ) and appropriate control animals (strain C57BL/ 6J) were obtained from Jackson Laboratories (Bar Harbor, Maine). These animals have previously been documented to be genetically deficient in CD40 ligand expression and to display altered immune function as a consequence of a targeted mutation at the gene encoding tumor necrosis factor (ligand) superfamily member 5 (7, 28) . On day 0, groups of mice were orally inoculated with 10 6 S. dublin (wild-type strain SL1363) bacteria, and survival was monitored.
Isolation of murine peritoneal macrophages and in vitro activation. Elicited peritoneal macrophages were isolated as previously described (5, 6) . Briefly, BALB/c mice were injected i.p. with 250 l of incomplete Freund's adjuvant (Sigma Chemical Co., St. Louis, Mo.). Three days later, the peritoneal cavities were lavaged with RPMI 1640 (7 ϫ 1.5 ml per animal) containing 2% fetal calf serum (FCS) to remove the elicited peritoneal macrophages. After being washed twice in RPMI 1640, cells for use in extended in vitro studies were made to adhere to plastic culture flasks (Corning, Cambridge, Mass.) for 30 to 45 min in RPMI 1640 containing 2% FCS. Nonadherent cells were washed off, and the adherent macrophages were cultured in RPMI 1640 containing 2% FCS.
In vitro intracellular infection of macrophages by S. dublin. Macrophages (2 ϫ 10 6 per well) were suspended in 0.5 ml of RPMI 1640 containing 15 mM HEPES and 10% FCS in 48-well culture plates. Viable S. dublin wild-type strain SL1363 (Salmonella-to-macrophage ratio of 3:1) was added to the cultures for 90 min at 37°C. Extracellular bacteria were washed off, and plates were then cultured for the duration in medium containing gentamicin to kill any extracellular bacteria. Gentamicin was selected as the antibiotic due to its limited uptake by eukaryotic cells (11) .
Quantification of IL-12p70 secretion in culture supernatants. A capture enzyme-linked immunosorbent assay was performed to quantify IL-12p70 secretion essentially as described previously (5) . Briefly, a capture antibody against murine IL-12p70 (clone G297-289; PharMingen, San Diego, Calif.) was applied as a coating to microtiter plates (Nunc Maxisorp, Naperville, Ill.) at 10 g/ml for 18 h. After washing and blocking with phosphate-buffered saline containing 2% BSA, culture supernatants were added to each well for 2 h. Unbound material was washed off, and biotinylated anti-mouse IL-12p70 antibody (clone C17.8; PharMingen) was added at 5 g/ml for 2 h. Bound antibody was detected by addition of streptavidin-alkaline phosphatase (Southern Biotechnology Associates, Birmingham, Ala.) for 30 min, followed by addition of nitrophenyl phosphate (Sigma Chemical Co.). Absorbances at 405 nm were measured approximately 30 min after substrate addition. A standard curve was constructed by using varying dilutions of mouse recombinant IL-12p70 (PharMingen). The IL-12p70 content of culture supernatants was determined by extrapolation of absorbances to the standard curve. The minimum detectable level in this assay was 30 pg of IL-12p70 per ml.
Statistical analysis.
Results of survival studies were tested statistically by the Kaplan-Meier method (GraphPad Prism; GraphPad Software, San Diego, Calif.) to determine survival fractions and the Mantel-Haenszel log rank test to determine P values. In addition, Student's paired t test or one-way analysis of variance was used as appropriate. Results were determined to be statistically significant when a probability of less than 0.01 was obtained.
RESULTS

CD40-CD40 ligand interactions augment survival of normal mice in salmonellosis.
To determine whether activation via CD40 could increase survival after a lethal, oral dose of Salmonella, mice were treated with soluble trimeric CD40 ligand, and their ability to survive an oral inoculation of Salmonella (10 7 bacteria) was monitored. As shown in Fig. 1 , mice treated with a regimen of soluble trimeric CD40 ligand were significantly (P Ͻ 0.0001) less susceptible to this pathogen (mean survival, Ͼ10.2 Ϯ 0.9 days; n ϭ 15) than those mice treated with BSA (mean survival, 6.3 Ϯ 0.2 days; n ϭ 15). Indeed, the mean survival time for the CD40 ligand treatment group is underestimated since 3 of 15 treated animals were still alive and well 30 days following Salmonella inoculation, when this experimental protocol was terminated.
While exogenous stimulation of CD40 with soluble trimeric CD40 ligand increased survival after a lethal dose of Salmonella, it was also important to determine whether endogenous CD40-CD40 ligand interactions were involved in the protective response against Salmonella. To address this question, mice were treated with a monoclonal anti-CD40 ligand antibody which is an antagonist of this interaction (20) , and their ability to survive an oral inoculation of Salmonella (10 6 bacteria) was monitored. A lower dose of Salmonella was selected for use in these studies to accentuate potentially increased susceptibility to salmonellosis in mice treated with the anti-CD40 ligand antibody. As shown in tible to an oral challenge of Salmonella (mean survival, 6.3 Ϯ 0.2 days; n ϭ 12) than mice treated with normal rat Ig (mean survival, 8.5 Ϯ 0.4 days; n ϭ 12), suggesting a role for endogenous CD40-CD40 ligand interactions in the protective response against Salmonella.
CD40 ligand-deficient animals do not demonstrate increased susceptibility to salmonellosis. To investigate whether mice genetically deficient in CD40 ligand expression display impaired ability to survive a lethal oral dose of Salmonella, C57BL/6J-Tnfsf5 tm1Imx CD40 ligand knockout mice (7, 28) and control C57BL/6J animals were treated with an oral inoculation of Salmonella, and their survival was monitored. As shown in Fig. 3 , CD40 ligand knockout mice displayed no significant difference in susceptibility to oral challenge with Salmonella (mean survival, 7.4 Ϯ 0.3 days; n ϭ 11) from that seen with control strain mice (mean survival, 6.4 Ϯ 0.3 days; n ϭ 8). To further investigate the susceptibility of mice genetically deficient in CD40 ligand to oral challenge with Salmonella, the bacterial burdens in the mesenteric lymph nodes and spleens of CD40 ligand-deficient mice and control animals were determined 3 days after oral challenge with 10 6 Salmonella bacteria. No significant differences in the numbers of CFU of Salmonella from those seen with control strain mice were detected in CD40 ligand knockout mice in either the mesenteric lymph nodes (4. 5 CFU/g of tissue in control mice). Taken in concert, these data demonstrate that the congenital absence of CD40-CD40 ligand interactions in the C57BL/6J mice does not impair the ability of these animals to mount protective immune responses to Salmonella.
Ligation of CD40 augments the production of IL-12p70 by Salmonella-infected macrophages. To begin to address the mechanisms by which CD40-CD40 ligand interactions might augment the protective response against Salmonella seen with normal BALB/c mice, we questioned whether ligation of CD40 might augment IL-12 secretion by Salmonella-infected macrophages. This seemed a logical question to address, since it has been convincingly demonstrated elsewhere that exogenous IL-12 production or exogenous IL-12 administration results in increased resistance to a variety of intracellular pathogens including Salmonella (22, 25) . The mechanism of such protection appears to be the ability of IL-12 to augment gamma interferon production by NK cells and activated CD4 ϩ T lymphocytes, which can subsequently activate macrophages to destroy the invading intracellular pathogen (22, 25) . Importantly, CD40-CD40 ligand interactions have previously been shown to induce IL-12 secretion by macrophages (3, 7, 10, (18) (19) (20) 29) .
Macrophages from BALB/c mice were cultured in the presence or absence of Salmonella for 90 min prior to the removal of extracellular bacteria and addition of gentamicin. Some of the cultured macrophages were then treated with soluble trimeric CD40 ligand. After 48 h of culture, the supernatants were removed, and the quantity of the bioactive heterodimer of IL-12, IL-12p70, was determined. As shown in Fig. 4 , treatment of Salmonella-infected macrophages with soluble trimeric CD40 ligand resulted in a significant (P Յ 0.01) augmentation of IL-12p70 secretion. The secretion of IL-12p70 from CD40 ligand-treated Salmonella-infected macrophages was significantly greater than that observed for uninfected macrophages treated with CD40 ligand or for macrophages infected with Salmonella only. These results confirm previous reports that ligation of CD40 ligand can augment IL-12p70 secretion (3, 7, 10, (18) (19) (20) 29) . Furthermore, these results demonstrate that Salmonella-infected macrophages demonstrate enhanced IL-12p70 secretion upon ligation of CD40.
DISCUSSION
Animal models and clinical observations have provided mixed results concerning the importance of CD40-CD40 ligand interactions in the protective immune response against intracellular microbial infections. Strong support for an important role for such interactions comes from observations of patients with hyper-IgM syndrome. These individuals do not express CD40 ligand and not only develop infections to encapsulated bacteria due to ineffective Ig production but are also susceptible to the intracellular pathogens P. carinii (27) and C. parvum (14) . In support of these clinical observations, mice and Leishmania amazonensis (29) . Furthermore, genetic disruption of CD40 or CD40 ligand expression in mice results in the inability of these animals to clear C. parvum (9) . Taken together, these findings provide strong support for CD40-CD40 ligand interactions in the protective immune responses against rather diverse intracellular pathogens. However, the finding that CD40-CD40 ligand interactions are important in macrophage responses to intracellular infections may not be ubiquitous. Recent studies employing mice genetically deficient in CD40 ligand have shown that such interactions are not essential for protective immune responses against the intracellular pathogens H. capsulatum (23) and M. tuberculosis (8) . Mice genetically deficient in CD40 ligand expression were not found to differ significantly in their mortality or IL-12 production when challenged with these microbes (8, 33) .
If the results obtained thus far (7-9, 14, 27, 30, 31, 33) are reproducible, they would suggest that distinct differences in pathogenesis by various intracellular microbes dictate whether CD40-CD40 ligand interactions can contribute to protective immune responses. Since no studies to date have investigated the importance of this interaction in intracellular gram-positive or gram-negative bacterial infections, we addressed this question. The present study provides evidence for a significant role for CD40-CD40 ligand interactions in mounting a successful cellular immune response against Salmonella in normal BALB/c mice. Not only was survival augmented in BALB/c mice treated with exogenous soluble trimeric CD40 ligand, but animals were found to be more susceptible to this intracellular pathogen when interactions between CD40 and endogenous CD40 ligand were antagonized by using an anti-murine CD40 ligand monoclonal antibody. On the basis of these data, we suggest that these molecules play an important role in T-celldependent activation of Salmonella-infected macrophages.
While the results obtained from soluble CD40 ligand treatment and from anti-CD40 ligand administration support the same conclusion, these experiments have slightly different implications. Administration of anti-CD40 ligand antibodies demonstrated that endogenous CD40-CD40 ligand interactions which could facilitate the protective immune response occurred in vivo during the development of salmonellosis in BALB/c mice. On the other hand, the ability to augment cellmediated resistance against Salmonella infection by using soluble trimeric CD40 ligand suggests that this exogenous treatment might have therapeutic potential. Furthermore, this result would be consistent with the notion that endogenous CD40-CD40 ligand interactions might not be optimal in infected mice, since it is possible to significantly augment this protective response with trimeric CD40 ligand.
A mechanism of action whereby soluble trimeric CD40 ligand treatment of BALB/c mice augments survival of salmonellosis was suggested by the demonstration that ligation of CD40 on infected macrophages resulted in increased secretion of the bioactive heterodimer IL-12p70 (Fig. 4) . Such investigations were a logical starting point for understanding the mechanism of protection, since it is clear that endogenous IL-12 secretion or exogenous IL-12 treatment augments the protective cellular immune response against Salmonella (22, 25) . IL-12 is thought to augment gamma interferon production, which can subsequently activate macrophages to destroy intracellular pathogens such as Salmonella (22, 25) . Furthermore, ligation of CD40 expressed on macrophages has previously been shown to augment IL-12 production by these cells (3, 7, 10, (18) (19) (20) 29) . However, it is important to note that there are other potential mechanisms attributed to ligation of CD40 on macrophages which could contribute to the protective response against Salmonella. For example, ligation of CD40 has been shown to enhance the production of nitric oxide (31) and an array of monokines (2, 21, 32) and chemokines (23) . More comprehensive studies will be required to determine the precise mechanisms mediating the protective responses following ligation of CD40 on macrophages.
In contrast, CD40 ligand knockout mice from the C57BL/6J background displayed no significant differences either in their survival of an oral challenge with Salmonella or in the bacterial burdens measured in mesenteric lymph nodes and spleens compared with those seen with control strain mice. Together, the present results suggest that the congenital absence of CD40-CD40 ligand interactions in these C57BL mice does not impair their ability to mount protective immune responses to Salmonella. Such data might suggest that the importance of CD40-CD40 ligand interactions for the immune response following salmonellosis is not ubiquitous for all strains of mice, despite the fact that both BALB/c and C57BL mice express the susceptible form of the Ity gene. Alternatively, these results may be indicative of the existence of compensatory mechanisms to combat this intracellular pathogen in these genetically deficient mice. It is important to note that those reports that have previously shown that CD40-CD40 ligand interactions are not essential for certain protective immune responses employed mice genetically deficient in CD40 ligand (8, 33) . As such, the present observations illustrate a potential caveat in those studies that exclusively employ such knockout animals and may help to reconcile the disparate reports in the literature as to the relative contribution that such interactions play in protective immune responses to intracellular pathogens.
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